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Abstract. The main penetrations (supports and piping) through multilayer insulation systems 

for cryogenic tanks have been previously addressed by heat flow measurements. Smaller 

penetrations due to fasteners and attachments are now experimentally investigated. The use of 

small pins or plastic garment tag fasteners to ease the handling and construction of multilayer 

insulation (MLI) blankets goes back many years. While it has long been understood that 

penetrations and other discontinuities degrade the performance of the MLI blanket, 

quantification of this degradation has generally been lumped into gross performance multipliers 

(often called degradation factors or scale factors). Small penetrations contribute both solid 

conduction and radiation heat transfer paths through the blanket.  The conduction is down the 

stem of the structural element itself while the radiation is through the hole formed during 

installation of the pin or fastener. Analytical models were developed in conjunction with MLI 

perforation theory and Fourier’s Law. Results of the analytical models are compared to 

experimental testing performed on a 10 layer MLI blanket with approximately 50 small plastic 

pins penetrating the test specimen. The pins were installed at ~76-mm spacing inches in both 

directions to minimize the compounding of thermal effects due to localized compression or 

lateral heat transfer.  The testing was performed using a liquid nitrogen boil-off calorimeter 

(Cryostat-100) with the standard boundary temperatures of 293 K and 78 K.  Results show that 

the added radiation through the holes is much more significant than the conduction down the 

fastener.  The results are shown to be in agreement with radiation theory for perforated films. 

1.  Introduction 

Early in the development of multilayer insulation (MLI) systems, multiple spacer materials and reflector 

materials were tested at the coupon level on different types of calorimeters. As the MLI systems 

progressed to tank applications, it was found that the heat load through the blanket systems increase by 

somewhere between 2 and 5 times. [1-5] These “degradations” in the tank applied blanket performance 

are credited to multiple different sources: penetrations of fluid lines and instrumentation lines through 

the blanket [6], seams [7,8], integration with structural elements of the tank, compression through the 

layers, and structural elements within the blanket that hold it together.  Many of these effects can be 

directly evaluated by test at given conditions on the ground, however, the thermal environments of space, 

especially after leaving low earth orbit can vary widely. Thus it is desirable to numerically account for 

these degradations in multiple environments without having to spend the effort to test in all 

environments. 
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In 1966, Black [9] performed testing on a single 0.8 mm diameter nylon pin.  The predicted heat load 

from that pin was 0.3 mW, but the measured change in heat load was approximately 3 mW.  Similarly, 

Stimpson found that the localized heat load for a single button was approximately 12 mW, but only a 

linearized model was proposed that does not allow environmental effects to be considered. [1] To 

address the presence of the small pins, tags, or stitches that are often used to hold a blanket together and 

allow for ease of handling, a series of tests were performed both with and without these elements to 

allow for evaluation of performance.  Additionally, simple first order thermal models were developed 

to allow for a broader application of the results. 

2.  Experimentation 

In order to measure the thermal performance of various insulation systems, NASA Kennedy Space 

Center’s Cryogenic Test Laboratory uses liquid nitrogen boil-off calorimetry for a variety of its 

instruments. This test program used the Cryostat-100 cylindrical calorimeter, which is well documented 

elsewhere [10-12]. The uncertainty of heat flux measurements on Cryostat-100 have been calculated to 

be +/- 3.2% [10]. Cryostat-100 testing yields absolute thermal performance of the multilayer insulation 

systems in terms of heat load (Q).  The heat load can then be normalized to the logarithmic mean surface 

area and converted to heat flux (q) in accordance with ASTM C1774, Annex A1. [13] 

 The objectives of the testing were to measure the thermal performance small penetrations in the form 

of nylon pins. To determine the net effect, it was determined that using one tag would not cause enough 

thermal disturbance in the blanket.  Initial calculations assuming a 2 mm diameter by 38 mm long pin 

suggested that placing approximately 40 pins in a blanket would produce a heat load increase of 0.25 

W.  Because initial testing had shown a heat load of approximately 0.31 W, this amount would almost 

double the heat load through the blanket and give a more accurate result.  Based on this analysis, pins 

every 76 mm was determined to be the most regular pattern to give approximately 40 pins in the blanket. 

 For the sake of repeatability of blanket performance, it was decided to use a 10 layer Integrated 

Multi-Layer Insulation (IMLI) blanket that had been previously tested both by itself (A164) [14] and in 

multiple hybrid configurations (A174, A175, A181, and A182) [15].  The IMLI blanket is comprised of 

10 reflector layers (1/4-mil double-aluminized Mylar) connected together by discrete plastic spacers as 

previously reported. This test specimen was custom fabricated for precise installation onto the 1-m tall 

by 167-mm diameter cold mass assembly of the Cryostat-100 test apparatus. 

 The blanket was initially re-tested for a baseline thermal performance result. Then, 84 nylon pins 

were inserted all the way through the blanket using a standard garment tagging tool, of which 56 are in 

the test section of the blanket. The spacing was 76 mm or greater in between pins in both directions.  

Images of a single pin and the final installation of pins are shown in Figure 1. An image of the coupon 

after installation is shown in Figure 2. 

 All tests were conducted in the cold vacuum pressure (CVP) condition of high vacuum (<1x10-5 torr) 

after a standard round of vacuum-heating purge cycles with a residual gas of nitrogen. The warm and 

cold boundary temperatures were 293 K and 78 K, respectively, for all tests. The complete test matrix 

is shown in Table 1. There was a 9% increase in layer density between the initial installation for A164 

and the installations for A191 and A192, however, the latter two tests were nearly identical in installation 

measurements. Further details on the preparation steps and nomenclature are found in ASTM C740. [16] 

  



 

 

 

 

 

 

Table 1. Cryostat-100 test matrix and coupon geometries.  

Test 

Series 

# layers 

[n] 

Thickness  

[x] 

 (mm) 

Layer 

Density [z] 

(layers/mm)* 

Effective 

Area  

[Ae] 

(m2) 

CVP 

Tested 

(torr) 

Warm 

Boundary 

Temperature 

(K) 

# pins 

A164 10 16.5 0.54 0.334 ~10-6  ~293 0 

A191 10 15.2 0.59 0.331 ~10-6  ~293 0 

A192 10 15.1 0.60 0.331 ~10-6  ~293 56 

* The layer density is based on nine layers rather than ten layers because the first layer is placed 

directly onto the cold mass surface without any spacer layer. 

 

a)  b)  

Figure 1. Images of a single pin (a) and pins after being installed in the IMLI blanket (b). The test 

specimen is shown laid flat on the preparation table before installation on the cylindrical cold mass. 

 

Figure 2. Image of the coupon with pins after installation onto Cryostat-100. 



 

 

 

 

 

 

3.  Results and Discussion 

The cryogenic thermal performance testing results are summarized in Table 2 and Figure 3. Between 

A164 testing in 2012 and A191 testing in 2015 there was an increase in heat flux of approximately 15 - 

20%.  This change in the baseline thermal performance may be attributed to the 10% increase in layer 

density or the slightly higher CVP (lower density MLI blankets are much more susceptible to vacuum 

pressure changes than higher density blankets). However, there also may have been some minor damage 

to the blanket by multiple installations and removals. With the pins installed in test specimen A192, the 

total heat load measured was 0.47 W representing a heat load increase of 0.10 W compared to A191 

without the pins after 20 hours, however, after 50 hours of testing, this changed to 0.51 W for A192 

compared to 0.35 W for A191 for a heat load increase of 0.16 W.  The test and guard boil-off flow rates 

versus time for A191 and A192 are shown in Figure 4 and Figure 5. 

Table 2. Cryostat-100 test data for MLI systems with and without pins. 

Test Series 

(Data Time) 

CVP  

(Torr) 

WBT 

(K) 

Q 

(W) 

ke 

(mW/m/K) 

q 

(W/m2) 

A164 5x10-6 291.7 0.31 0.072 0.92 +/- 0.029 

A191 (20 hrs)  2x10-5 292.4 0.37 0.078 1.11+/- 0.036 

A191 (50 hrs) 2x10-5 293.0 0.35 0.074 1.04+/- 0.033 

A192 (20 hrs) 7x10-6 293.3 0.47 0.099 1.41+/- 0.048 

A192 (50 hrs) 7x10-6 292.4 0.51 0.106 1.51+/- 0.048 

 

 

 

Figure 3. Heat flux (q) high vacuum for MLI systems with and without pins. 



 

 

 

 

 

 

 

Figure 4. Flow rates as a function of time for A191. 

 

Figure 5. Flow rates as a function of time for A192. 



 

 

 

 

 

 

Based on the actual size of the pin (as shown in Figure 1), a new expected conduction heat load was 

calculated. The cross sectional area varied with linear diameter from 0.27 mm on the cold side to 0.85 

mm on the warm side, the length of the pin was the thickness of the blanket or 15.1 mm, and the thermal 

conductivity for Nylon was used from NIST. [17] For 56 pins, the expected heat load was 46 mW, or 

0.83 mW per pin. However, this solid conduction heat load would be for perfect thermal contact between 

a given pin and the cold mass surface. If the inner surface of the MLI is at 160 K (the temperature needed 

to have a radiative heat flux of 1.1 W/m2 to the cold mass), this drops to 0.52 mW per pin or 29 mW 

total. 

4.  Performance Modelling 

Initially, it was assumed that the conduction through the pins would dominate the heat transfer associated 

with the penetration.  However, based on the calculations and results from both this effort and Black, 

that assumption was revisited.  Direct radiation through the hole created can be easily estimated using 

an emissivity of 1 (both warm and cold surfaces were painted black with emissivity of 0.95) as being on 

the order of 0.3 mW per hole (assuming just larger than the 0.8 mm diameter hole). However, for 

perforated MLI, Fox, Keifel, and McIntosh developed a different theory based on the view factors of 

each perforation or hole referencing data from Eckert. [18, 19]  They showed that by taking a 10 degree 

angle from the point source, the effective radiation area was much larger than just the hole size (see 

Figure 6). This allows the effect of perforation size and spacing to be accounted for as shown in Tien. 

[20]. For example, the same analysis shows that for similar MLI blankets with 2% total open area, the 

heat flux increase due to smaller size holes (~1 mm) is twice that due to larger size holes (~10 mm). 

 

 

Figure 6. Diagram of effective radiation area. 

 

The effective radius (reff) can be shown mathematically as: 

 

𝑟𝑒𝑓𝑓 =  
1

𝑧 tan𝜃
+ 𝑟𝑝𝑒𝑟𝑓       (1) 

 

Where z is the layer density, rperf is the radius of the hole, and theta is assumed to be 10 deg (0.175 rad).  

The total heat load due to the penetration can then be modeled as: 

 

�̇� = 𝐴𝑒𝑓𝑓𝜀𝑙𝑎𝑦𝑒𝑟𝜎(𝑇ℎ
4 − 𝑇𝑐

4) + ∫
𝐴

𝑑𝑥
∫𝑘𝑑𝑇         (2) 

 

Where Aeff is the effective area, layer is the emissivity of an individual layer,  is the Stefan-Boltzman 

constant (5.67 x 10-8 W/m2/K4), Th is the warm environmental temperature (not the temperature of the 

outer layer), and Tc is the cold environmental temperature.  The two integrals account for the conduction 

down the pin (the first accounts for the variable geometry, the second for the variable thermal 

conductivity).  Results for multiple test results from this approximation are shown in Table 3. 

 

 



 

 

 

 

 

 

Table 3: Comparison of predicted and measured heat load for pin tests. 

Test Series Hole 

Radius 

(mm) 

# 

layers 

Layer 

Density 

(lay/mm) 

Qhole 

(mW) 

Qpin  

(mW) 

Qtotal 

(mW) 
Qmeas 

(mW) 

A192 0.5 10 0.6 3.1 0.52 3.6 2.0-2.8 

Black [9] 0.5 10 1.3 3.3 0.3 3.6 ~3 

 The comparison between the predicted and measured values is within 50%.  It should also be noted 

that the reff for A192 is approximately 9 mm, which is much less than the 75 mm spacing of the 

penetrations. 

 

5.  Conclusions 

Testing was performed on a sample with multiple small penetrations such as pins, tags, or stitches that 

may go through an MLI blanket for installation.  This approach allowed the heat gain through the blanket 

to be measurable while the small penetration (pins) were far enough apart to not have overlapping 

effects.  A method of analysis was shown to match the results within 50%. The test methodology and 

direct heat flow rate measurements allow engineers to estimate heat loads through a blanket due to small 

penetrations that are often needed to hold an MLI blanket onto a tank.  While this blanket is not 

traditional in nature, since the main effects are radiation through the hole and conduction down the pin, 

for fine netting or fiberglass that is mostly transparent to radiation, the effects should hold.  The intended 

use of this is to give engineers a method by which to directly predict the heat load and weigh the 

structural benefits vs thermal penalties of adding multiple small penetrations for specific designs. 
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